Abstract: Stabilization in multimachine (synchronous generators) power systems is dealt with through a class of decentralized and nonlinear state feedback laws that can be separately designed in a generator-wise fashion, based on what we call the improved swing equations. Stability of the closed-loop power systems is robust with regard to perturbations in electric torques happening in the synchronous generators. The stabilization algorithm consists of decentralized control laws, and provides us with many more freedoms for accomodating various control indices.
INTRODUCTION
In the paper, we consider stabilization problems related to swing dynamics in a class of multimachine power systems. It is well known in the power system field that swing dynamics of synchronous generators are closely related to electric power transmission, and can be described by swing equations, which are nonlinear and probably nonautonomous. Conventional or simplified swing equations (see Haque (2005) and Zaborszky (1988) ) are usually modeled by neglecting many seemingly trivial but important factors of synchronous generators to surmount nonlinearities and singularities in differential equations (Anderson (2003) , Kimbark (1995) , Padiyar (1996) , Pavella (1994) , and Saccomanno (2003) ). When multiple synchronous generators are inter-connected, a complicated multimachine network is created (see Gupta (2005) ). In such a large-scale network, stabilization is one of the key tasks we must be confronted with, in which most of the classical Lyapunov methods do not work well generally.
As an answer to the stabilization problem in multimachine power systems, we introduce the improved swing equations without significant approximations. Working with the improved swing equations, a class of nonlinear feedback laws are developed by exploiting some feedback design methods suggested by Isidori. Stability thus resulted in the closedloop multimachine power system is robust against various perturbations in form of electrical torque variations.
By the best knowledge of the authors, there are numerous efforts to attach stability problems in the literature about multimachine power systems. For example, stability analysis and stabilization in both single machine power systems and multimachine ones through the conventional swing equations (Chiang (1988) , Gupta (2005) , Haque (2005) , Liu (1994) , Mitani (1994) , Salam (1986) , Zaborszky (1988) ); or improved modelings by Parashar (2004) and Ueda (2004) suggest that can reflect swing processes more precisely in multi-machine power systems.
This study also got benefits from the decentralized control technique (Gupta (2005) , Yang (1987) , Yang et al. (1994) ), and the partial stability concept (Vorotnikov, 1998) .
PRELIMINARIES TO MULTIMACHINE POWER SYSTEMS
In this section, we first quickly review what we call the improved swing equaions and its approximations for describing the dynamics of synchronous generators in a mutlimachine power system. The standing assumptions include: there are n generators, in each of which the rotor winding flux is constant and without voltage regulator.
Improved Swing Equations
Firstly, we recall that the swing equation (Anderson (2003) , Padiyar (1996) ) governs the dynamics of a synchronous generator rotor, which can conventionally be written as follows.
where the subscript i denotes the genertor i, and Secondly, we express θ i through a so-called center-of-angle (COA) reference framework that is rotating at the system angular frequency ω 0 (rad/s).
where t 0 denotes the initial time, and δ i represents the rotor angular displacement of the generator i with respect to the COA reference framework. Furthermore, let us define
Hence, ω i and dω i /dt are the rotor angular displacement speed and acceleration, respectively, and thus dθ i /dt = ω 0 + dδ i /dt. In the sequel, we denote the mechanical input power (minus the output load power) by P mi and the electrical swing power by P ei , respectively, and we write
Using the above notations and (2) in (1), we obtain readily that
Thirdly, we see (Anderson, Salam) that the electrical swing power is given by
where b ik is the maximal real power transferred between the internal nodes of the synchronous generators i and k, while ψ ik stands for the complement of transfer admittance phase between the internal nodes i and k. By the definition, b ik = b ki . For simplicity, we assume that ψ ik are small constants.
Finally, we summarize the above deductions around (2), (3) and (4). More precisely, under the assumption of ω 0 + ω i = 0, Eqs. (2), (3) and (4) can be expressed by In what follows, we are interested in swing behaviour of the mutlimachine power system when ω i is sufficiently small, compared with ω 0 ; in less rigorous words, all the generators involved are swinging slowly. Then the improved swing equation (5) can be reduced as follows by assuming that all the mechanical torques are constants.
where (6) is also called the improved swing equation for the generator i.
Concise Expression of Multimachine Power Systems
To express the improved swing equation (6) in a form that is more convenient for our latter discussion, let us introduce the following variable transformation.
Now we are ready to express the improve swing equation (6) for the generator i in the multimachine power system as follows.  
whereδ i =:
. . .
Clearly, H i (δ i ) and K i (∆ i ) are smooth functions with respect to their arguments. Namely, these functions are 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 continuously differentiable with respect toδ i and ∆ i . Our problem of this study is to find possible feedback control laws to stabilize the improved swing equation (7).
STABILIZING MULTIMACHINE POWER SYSTEMS
To understand the suggested design algorithm for the nonlinear feedback laws for stabilizing the multimachine power system, we first construct some auxiliary swing equations, for which we descibe the desired feedback control laws. After that, we apply the resulted feedback control laws to the real multimachine power systems.
Stabilizing an Auxiliary Multimachine Model
Let us begin with the following auxiliary swing equation.
where
is a (n − 1) × (n − 1) real matrix with all its eigenvalues having negative real parts (we simply say such 
such that by applying all the n feedback laws
separately to the generator i, the closed-loop auxiliary system as a whole is uniformly and locally asymptotically stable as long as ∆ i ∈ F and the initial vector
T is an interior point of B for each i. Namely, δ i (t) → 0 and ω i (t) → 0 as t(> t 0 ) → ∞ for each i. Here, B ⊂ R n+1 is a closed ball centering at the origin.
be Hurwitz such that by the Lyapunov theorem (see Theorem 5.3.55 of Vidyasagar(1978) ), there exists uniquely a solution Vidyasagar (1978) . The proof will be accomplished if it is shown that there exist a function sequence {u i (δ i , F (l) i ) : l = 0, 1, . . .} and a function v i (ω i , ω i ) such that in the closed-loop auxiliary system formed by applying the feedback law (9) to (8), it holds
To this end, we observe by (8) and (9) that
W i1 * * * 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 where W i1 has the obvious definition formula, while the asterisks represent the terms whose exact definitions are not needed in the arguments.
By the matrix expression of W i1 , if ||Q(F (l)
i )|| < 1, then W i1 is strictly positive definite and thus nonsingular. In particular, all the principal minors in W i1 must be positive. Recalling that W i1 is 2(n − 1) × 2(n − 1) 
Clearly, one can assert read-
T = 0 and t ≥ 0. Therefore, Theorem 5.2.45 of Vidyasagar implies immediately that the closed-loop auxiliary system, which is formed by applying each feedback law In what follows, we show such
On the one hand, the first inequality in (11) holds true if
On the other hand, it is straightforward to see that the second inequality of (11) will hold true for all
It is easy to see that when ω i = 0, the second inequality of (11) may not be true no matter how v i (ω i , ω i ) is taken (this is why we assume that v i (ω i , ω i ) can be arbitrary at ω i = 0). If this is really the case, dV i (δ i , ω i )/dt| ωi=0,δi =0 < 0 may not be true by taking v i (ω i , ω i ). To solve such a problem, we need to alter the auxiliary matrix F
really exists. In fact, we can choose F (l+1) i according to the last equation of (10) when ω i = 0 butδ i = 0. That is,
It is not hard to see by Theorem 2.3 of Gajic that such F (l+1) i exists and is not unique.
Letting l = l + 1 and thus
and returning to (12), we see that
) can be determined, and so can v i (ω i , ω i ). In other words, implementing the feedback control
is a subset of B. Clearly, the above arguments can be repeated for each step l.
From these facts, Theorem 5.2.45 of Vidyasagar (1978) indicates that the closed-loop auxiliary system as a whole, which is formed by applying all the n feedback laws
i ), respectively, is uniformly and locally asymptotically stable for any ∆ i ∈ F. 2
Stabilizing the Real Multimachine Power System
Theorem 1 suggests a group of nonlinear feedback laws that can stabilize the closed-loop auxiliary system formed by applying it to the F (·) i -auxiliary swing equation (8) . In this section, we construct these feedback laws independently ofδ i ; such feedback laws are denoted simply by 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 
We will see that if such nonlinear feedback laws are implemented into the real multimachine power system that is modeled through the improved swing equation (6), then the system can at least be partially stabilized.
First, we show that such u i (F (l) i ) does exist under the assumptions of Theorem 1. We notice from the proof of Theorem 1 and the fact of | sin(δ)/δ| ≤ 1 for any δ that
This, together with (12), implies that if
then the first inequality of (11) is satisfied. Note that the right-hand side of (14) has nothing to do withδ i . It follows that u i (F (l) i ) exists. Needless to say, such u i (F (l) i ) is not unique, either. This implies that the feedback law
i -auxiliary swing equation (8) (8) show that it can be written as follows.
whereδ ik , (k = 1, 2, . . . , n; k = i) are determined by the first n − 1 differential equations in (8 Now let us introduce the same nonlinear feedback law (F (l) i ) to the improved swing equation (6). In the corresponding closed-loop system, denoted by Σ, the differential equation aboutω i is completely the same as (15) in form, except thatδ ik are determined by the first n − 1 differential equations in (6). Apparently, any trajectory of sin(δ ik ) also lays in [−1, 1] even ifδ ik are determined by the first n − 1 differential equations in (6).
Combining the observation with the arguments around (15), we are led that in the closed-loop system Σ, it holds at least that ω i (t) → 0 as t → ∞ uniformly for any initial vector [δ i (t 0 ), ω i (t 0 )] T ∈ B and ∆ i ∈ F. This in particular says that the rotor displacement δ i must come to a halt in the closed-loop system Σ, since ω i =δ i by the first relationship in (5). Theorem 2. Consider the multimachine power system represented by the improved swing equation (6). For each i, there always exists a Hurwitz matrix sequence {F 
separately to all the generators, the dynamical behavior of ω i in the generator i is uniformly and locally asymptotically stable for any ∆ i ∈ F and initial vector [δ i (t 0 ), ω i (t 0 )] T ∈ B; that is, ω i (t) → 0 as t → ∞; and thus δ i (t) → const as t → ∞.
CONCLUSIONS
Based on what we call the improved swing equations, stabilization feedback design problems in a class of multimachine power systems are attacked through decentralized and nonlinear state feedback laws in the paper. It is revealed that stability of the closed-loop power systems is robust with regard to perturbations of electrical torques in the synchronous generators. The suggested stabilization technique consists of a group of decentralized algorithms in a generator-wise fashion and the resulted feedback laws possess more freedoms available for accommendating various control performance requirements. To illustrate their efficacy in practical multimachine power systems is one of our subsequent research topics.
